A fully integrated, wireless neural interface device is being developed to free patients from the restriction and risk of infection associated with a transcutaneous wired connection. This device requires a hermetic, biocompatible encapsulation layer at the interface between the device and the neural tissue to maintain long-term recording/stimulating performance of the device. Hydrogenated amorphous silicon carbide (a-SiC x :H) films deposited by a plasma enhanced chemical vapor deposition using SiH 4 , CH 4 , and H 2 precursors were investigated as the encapsulation layer for such device. Si-C bond density, measured by Fourier transform infrared absorption spectrometer, suggests that deposition conditions with increased hydrogen dilution, increased temperature, and low silane flow typically result in increase of Si-C bond density. From the variable angle spectroscopic ellipsometry measurement, no dissolution of a-SiC x :H was observed during soaking tests in 90°C phosphate buffered saline. Conformal coating of the a-SiC x :H in Utah electrode array was observed by scanning electron microscope. Electrical properties were studied by impedance spectroscopy to investigate the performance of a-SiC x :H as an encapsulation layer, and the results showed long term stability of the material.
Introduction
Development of a neural interface device, to help fully or partially paralyzed patients, has been pursued for decades [1] [2] [3] . The ultimate goal of neural interface is to sense and stimulate neural action potentials to receive and send information from the nervous system, respectively. One of the most promising neural interface architectures is a device combining silicon micromachined electrode arrays, Utah electrode array [4, 5] , with an integrated circuit shown in Fig. 1 [6] , due to its potential for freeing the patient from the restriction and risk of infection of a wired connection. In order to maintain long-term recording and/or stimulating performance of the device, a biocompatible encapsulation layer is required at the interface between the device and the body tissue. Besides being biocompatible, the encapsulation layer needs to have the following properties in order to be used on the chronic neural recording and stimulating electrode array.
Hermetic encapsulation:
The coating needs to be pinhole free and adhere well to all the surface materials of the device-to isolate the integrated device from rigorous physiological environment, such that device degradation or corrosion can be prevented.
2.
Conformal coating: Uniform coating allows uniform protection while keeping array geometry intact after encapsulation.
3.
High electrical resistivity: High resistivity of the coating electrically isolates the individual neural electrodes.
4.
Low dielectric constant: Parasitic losses, cross-talk, and frequency modulation due to resistive-capacitive components coupling can be reduced with a low dielectric constant encapsulation.
Low temperature deposition process: Deposition temperature lower than 200°C is required to avoid the degradation of the integrated device.
It is difficult to find an ideal material that satisfies all these characteristics for chronic implantation. Therefore, if a material provides the protection ensuring a functional implanted device during the designed life time in physiological environment, it is considered to be the biocompatible encapsulation material; for example, Parylene [7] [8] [9] and silicon nitride [7] . However, silicon nitride has been found to dissolve in the physiological environment, whereas the adhesion of Parylene to inorganic materials without proper surface treatment has been less satisfactory [8, 10] .
Crystalline silicon carbide is known for its high values of hardness ( 9 on Mohs hardness scale) and chemical inertness. The strong Si-C chemical bonds are responsible for inert characteristics of SiC [11] . a-SiC x :H has low dielectric constant (4.4-4.9) and low moisture intake [12, 13] , thereby satisfies two conditions needed for a device encapsulation layer. Due to the controllable electrical and optical properties, a-SiC x :H has been investigated intensely in the fields of optoelectronics [14, 15] , solar cell technology [16] , and surface passivation [17, 18] . However, the use of a-SiC x :H as the biomedical device coating has gained attention only recently. For example, Bolz et al. used doped a-SiC x :H as a bioactive coating material of stent implants to improve hemocompatibility [19, 20] . Kalnins et al. implanted a-SiC x :H coated stents into one hundred patients and suggested that a-SiC x :H can reduce thrombosis and restenosis rate after angioplastry [21] . Cogan et al. demonstrated that a-SiC x :H has desirable dielectric property to insulate the neuroprobe from moisture and ionic species [7] .
However, the study of a-SiC x :H deposition process to fulfill the encapsulation requirements on the biomedical device has not yet been explored. In this research, we evaluated a-SiC x :H as the biocompatible, hermetic, and electrically insulating coating for the silicon-based integrated device; a-SiC x :H deposition conditions versus film properties were studied for performance optimization.
To avoid degradation of the integrated device during the coating process, we focused on a low temperature (150°C-275°C) plasma enhanced chemical vapor deposition (PECVD) process. Previously, most PECVD a-SiC x :H studies have been conducted at a deposition temperature between 250°C and 400°C and at such temperatures, the polymeric underfiller material used in the integrated wireless device to relieve inter-chip stress is degraded. For the current architecture, it is necessary to develop a process with the deposition temperature lower than 200°C. Most SiC films deposited by PECVD have an amorphous structure without long-range periodic order. Pereyra et al. have suggested that the Si-C bond density is a function of hydrogen dilution and silane ratio in PECVD process, and highly ordered a-SiC x :H is possible [22] . This work explored the process to grow silicon carbide of different Si-C bond densities at different temperatures, and compared their encapsulation properties and performances. In this paper we show that low stress, low dielectric constant, high Si-C bond density, and pinhole free aSiC x :H film can be deposited at low temperature (<=200°C). , are gas flow ratios that have significant influence on film properties and are therefore controlled. In this work, there are mainly two sets of deposition conditions, one is defined as 'silane starving' when precursor ratio =0.17, and the other is defined 'non-silane-starving' when precursor ratio =0.29. By varying the precursor ratio, the hydrogen dilution, and the substrate temperature (T s ), a-SiC x :H films were deposited on silicon substrates and subsequently characterized. The film's bonding structure was studied on a double-side polished wafer with a Fourier transform infrared (FT-IR) absorption spectrometer operating in transmission mode. In all the absorption spectra, thickness was normalized and the absorption of silicon substrate as well as the influences of interference was taken into account. The relative Si-C bond density was calculated by integrating the absorption intensity in deconvoluted absorption curve of the FT-IR spectrum. The deconvolution of FT-IR data ( Fig. 2 ) was done by fitting Gaussian curves using the least square method available in Matlab® v7.2 (The Mathworks, Inc. MA, USA).
Experimental Details
Silicon substrates deposited with a-SiC x :H were placed into 90°C phosphate buffered saline (PBS) solution (pH=7.4) to investigate the dissolution rate and defect density of the films. A variable angle spectroscopic ellipsometry system ( J.A. Woolam Co., Inc., Lincoln, NE. USA) was used to measure the refractive index and thickness of the a-SiC x :H film before and after the PBS soaking tests. A Cauchy model was fitted to delta and psi to determine the refractive index and thickness of the films. Curvature deflection of the silicon substrate after a-SiC x :H deposition was measured by a surface profiler (KLA-Tencor P-10, San Jose, CA. USA) to calculate film stress. From the measured change in radius of curvature, the corresponding film stress σ f is calculated by using the modified Stoney equation (1909): (1) where the substrate thickness is given by d s , thin film thickness is given by d f , Young's modulus is given by E, and Poisson's coefficient is given by ν. R 1 and R 2 is the radius of curvature before and after thin film deposition, respectively.
Utah electrode array was encapsulated with a-SiC x :H and embedded into acrylic resin, followed by a polishing process to expose the array cross section. The conformity and coating uniformity on the Utah electrode array (UEA) was evaluated by the scanning electron microscope (SEM). A Schottky field emission source with 5 keV beam energy and a secondary electron detector were used in SEM analysis. Carbon paint was used to cover the acrylic resin block except device needle part to avoid charging problem in the image.
The impedance spectroscopy was performed using the interdigitated electrode chips (IDEs). Titanium/Platinum (50 nm/330 nm) IDEs were deposited and patterned on oxidized silicon substrate by standard photolithography using lift-off technique. The Ti and Pt films were sputtered on the substrate sequentially to serve as the adhesive and the conductive layers, respectively. a-SiC x :H was deposited on the IDEs and put into Ringer's solution for impedance spectroscopy measurement. Long-term (> 6 months) changes in electrical properties of the aSiC x :H films was monitored weekly by the 50mV alternating current (AC) impedance spectroscopy measurement (Gamry Instruments EIS300, Warminster, PA. USA) where the AC frequency ranged from 1Hz to 10 5 Hz. Dielectric constant was estimated from the initial impedance and corresponding frequency acquired from impedance spectroscopy spectrum
Results and Discussions
We investigated the influence of temperature, hydrogen dilution and precursor ratio on Si-C bond density, deposition rate and refractive index. The deposition variables and some characterization results are summarized in Table I .
Due to weaker bond energy of Si-H (70.9 Kcal/mole) than C-H (98.8Kcal/mole), SiH 4 molecules are decomposed into reactive free radicals easier than CH 4 : More silicon radicals than carbon radicals were present in the plasma of low power regime. The majority carbon atoms in the film are incorporated through reacting with silane radicals so that soft graphitelike structure is avoided [23] . In addition, a higher CH 4 to SiH 4 flow ratio is needed to deposit the film with equivalent Si and C atomic ratio in low power regime [24] , and the maximum Si-C bond density has been deposited at about 15% silane in precursor gas [22] . The Si-C bond density (N) can be estimated from integral of FT-IR absorption spectra by means of the following equation 1 (2) where the integral of the absorption spectra α(ω) as a function of frequency (ω) was normalized by the sample thickness. The absorption coefficient is given as A [25] . The deconvoluted curve with peak at 750-780cm −1 is attributed to the absorption from Si-C stretching vibration.
Two different precursor ratios were used to compare their Si-C bond density: silane starving and non-silane starving; and a lower precursor ratio (0.17) yielded a higher Si-C bond density than precursor ratio of 0.29. All the Si-C bond density is compared with the sample deposited at 275°C, precursor ratio of 0.17 and hydrogen dilution of 0.36, and the relative Si-C bond density ratio is listed in Table I .
Hydrogen dilution effects
In silane-starving condition (precursor gas flow ratio x=0.17), increasing hydrogen dilution increases Si-C bond density and the refractive index (η), as shown in Fig. 3 (FT-IR plot) and Fig. 4 , respectively. The IR absorbance at a given wavenumber represents a specific bond structure, and is proportional to the density of bond absorbing the light when film thickness is normalized. Wavenumber of absorption peak in infrared spectra versus bond assignments were listed in Table II . The absorption noises within the wavenumber range 1300-1900 and 2300-2400 cm −1 come from the background of water and carbon dioxide, respectively, and were therefore ignored. Thus, increase of hydrogen dilution decreased the intensity of infrared absorption band within wavenumber 2800-3000 cm −1 and increased absorption band at wavenumber of 750-780 cm −1 (Fig. 3) , indicating the decrease of CH n groups density and increase of Si-C bond density, respectively. The refractive index, measured by ellipsometry, increased from as low as 1.75 to as high as 2.83, as hydrogen dilution ratio and temperature were increased (Fig. 4) . The refractive index of bulk single crystal 3C-SiC is approximately 2.55.
It has been suggested that CH n groups terminate the silicon-carbon network structure and form micro-voids: The higher infrared absorption within wavenumber 2800-3000 cm −1 (CH n stretching modes) indicate higher presence of CH n groups, and thus a more porous and lower refractive-index film [15, 23] . It has been proposed that increasing the hydrogen dilution reduces the CH n content in the film by hydrogen preferential etching the carbon bonds [22] . We propose the other possibility that the hydrogen may remove methyl radicals as methaneboth hypotheses explain the observation that a higher hydrogen dilution results in less absorption from CH n bands.
With non-silane-starving condition (precursor ratio of 0.29), the increase of the hydrogen dilution and temperature resulted in the same trend of increase of the refractive index as with silane starving condition. However, the availability of silane in the plasma may promote the formation of a random bonding structure rather than preferred hetero-nuclear (Si-C) bond [22] , and thus, relative lower Si-C bond density compared to silane starving as indicated in Table I .
Temperature effect
Using silane starving deposition conditions (precursor ratio=0.17), as the substrate temperature increased, both the refractive index of a-SiC x :H films and Si-C absorption band intensity increased as shown in Fig. 4 and Fig. 5 , respectively. However, the increased temperature had little effect on the deposition rate, as shown in Fig. 6 , by the closely overlapping deposition rates for all temperatures. Also note that the change of SiC density as temperature reduced can be compensated by increasing hydrogen dilution, in other words, we can decrease temperature while increasing hydrogen dilution to get identical or similar FT-IR spectrum as shown in Fig.  7a and Fig. 7b .
Film Stress
High film stress can cause the a-SiC x :H film to delaminate or crack, which compromises the encapsulation provided by the film. Windischmann et al. have reported that a-SiC x :H grown at temperatures lower than 400°C tended to be under high compressive stress; however, thermal annealing can relieve the residual stress by mechanisms including releasing incorporated hydrogen from the film [28] . In this work, the a-SiC x :H films deposited on silicon substrate at 200°C had a residual biaxial compressive stress, which increased from 130 MPa to 328 MPa as the hydrogen ratio increased from 0.36 to 5.71. The measured film stresses suggested that low temperature and silane-starving processes yielded low stress, and hence high temperature annealing process can be avoided. In addition, films deposited on silicon substrates at 200°C have low stress allowing further increase of the thickness without compromising encapsulation property.
Soaking test
The encapsulation properties of a-SiC x :H films with different Si-C bond density were tested by soaking the films in 90°C PBS solution over time, and observing the film integrity.
Two failure modes were anticipated for the soaking test: material dissolution and defect generation. Film dissolution was investigated using ellipsometry to measure the film thickness as function of soaking time. Films with poor adhesion and/or pinhole defects allow PBS to penetrate through the encapsulation; the PBS solution was found to generate rectangle or square defects as the PBS attacks the silicon substrate presumably on preferential crystal planes as shown in Fig. 8 .
No dissolution was observed by thickness measurements using ellipometry; instead, most of the a-SiC x :H films tended to slightly increase in thickness as shown in Table III .. Refractive index at 500 nm is given as 'η-500' and thickness is given as't' in the table. In ellipometry measurement, the data can only be fitted accurately with Delta and Psi measured from the soaked samples by using 2-layer Cauchy model: a lower-refractive-index surface layer and higher-refractive-index bulk layer. The refractive index in the bulk layer of the soaked sample was very close to that of pre-test sample; the lower refractive index in surface layer than that at bulk a-SiC x :H film may due to a rough and oxidized surface grew during the test ( Fig. 9 and Table III ). Irrespective of the mechanism of the changes in surface properties, the small increase in total thickness over time is acceptable for chronic encapsulation. a-SiC x :H films deposited at low hydrogen dilution (5 sccm), low temperature (<200°C), and non-silane starving were found by FT-IR to have low Si-C bond density and low refractive index (indicating porosity); and these films were easily scratched by a scalpel. In addition, these films suffered from large quantities of square defects after 1 week PBS soaking test. These results suggest that a low Si-C bond density and porous film may provide little protection in saline solution. Films with high Si-C bond density but very thin film thickness were also compromised early in soaking tests. The films deposited at 200°C using a precursor ratio of 0.17 and a hydrogen dilution of 5.71, but different thicknesses of 380 nm and 650 nm were subjected to the soaking test and compared. Many square defects were generated on the 380 nm-thick film after a 2-week-soaking test, whereas the 650 nm-thick film remained intact after a 6-week soaking test.
Impedance Spectroscopy
Based on the soaking test results, 650 nm thick a-SiC x :H was deposited on Ti/Pt interdigitated electrode test structure (Fig. 10) for impedance spectroscopy characterization. These films were deposited at 200°C using a precursor ratio of 0.17 and hydrogen dilution of 5.71 to minimize stress and investigate the film electrical properties. Compared to leakage current test, impedance spectroscopy reveals the impedance over a frequency range of 1 Hz to 10 5 Hz, and is a more sensitive method to monitor the change of the electrical property of encapsulation.
Although the impedance remained greater than 10 8 Ohms at 1 Hz over the 6 months period test, the impedance and phase underwent a very little change in the low frequency range as shown in Fig. 11 . The constant impedance magnitude and nearly −90° phase over time suggests that the film is stable in 37°C Ringer's solution. The small decrease of the impedance and increase of phase indicates a large resister in parallel with a pure capacitor. These small changes in measured properties might be due to very tiny defects in the film. However, increasing the film density as well as the thickness may further improve the encapsulation property for a critical application. The results further indicate that a-SiC x :H has the potential not only to hermetically encapsulate the biomedical devices, but also to be dielectric passivation layer in a silicon device requiring low process temperature.
Dielectric constant
Low dielectric constant material reduces parasitic losses and cross-talk due to resistivecapacitive components coupling and is preferred in dielectric barrier application. Dielectric constant of a-SiC x :H was estimated by impedance spectroscopy to be approximately 4.5, which is close to previous reports [13] and lower than the prevalent dielectric material, silicon nitride of 9. This suggests a-SiC x :H may be an ideal dielectric barrier for neural recording arrays.
Conformal coating
The SEM micrograph (Fig. 12) revealed the thickness variations of the encapsulation layer along the UEA probe of length 1.2 mm. Film thickness decreases rapidly from average 2.5 μm at the tip to an average of 1.5 μm within approximately 50 μm distance. The encapsulation thickness at middle of the shaft decreased to 0.75 μm. Towards the base of the probe shaft, thickness decreased to about 0.55 μm. Our observations are consistent with the previous report that the deposition rate has been a function of distance from ground electrode [7] . Therefore, we need to take into account the thickness variation to fully insulate the bottom of the shaft and deinsulate the active electrode tip site by reactive ion etching process [29] .
Conclusions
We deposited a-SiC:H by PECVD and characterized its encapsulation properties. FT-IR spectra indicated that the Si-C bond density can be controlled even at very low deposition temperatures (T s <200°C) by altering the hydrogen dilution ratio and precursor ratio. The conditions leading to the highest Si-C bonding density in the ranges of parameters investigated are the temperature of 275°C, the hydrogen dilution of 12.85 and the precursor ratio of 0.17. The encapsulation property may be enhanced with a high Si-C bond density, but the residual film stress must also be considered. When a-SiC x :H was deposited with proper thickness and parameters, it neither dissolved nor generated visible defects after 6 weeks of soaking in 90°C phosphate buffered saline. The impedance remained high during the 6-month impedance spectroscopy test indicating that a-SiC x :H is a promising encapsulation material. In addition, films deposited on silicon substrates at 200°C have low stress allowing further increase of the thickness to improve encapsulation capability. Including the properties of coating conformity and low dielectric constant, this research suggests a-SiC x :H has the potential to hermetically encapsulate biomedical devices at low process temperature. These results suggest that PECVD a-SiC x :H is suitable to be the hermetic encapsulation material for the integrated neural interface devices. Schematic of the integrated, wireless neural interface device. This device comprises a Utah Electrode Array (UEA), surface mounted devices (SMD), integrated circuit (IC), a coil and ferrite. Underfiller is used in between interconnections. The whole device must be encapsulated except active electrode tip site. The sum of integrals of the two Gaussian curves was to fit the experimental FT-IR data within the chosen wavenumber limits. The peak at 750 cm −1 is associated with Si-C bond stretching and the peak at 1000 cm −1 is associated with Si-(CH) n bond wagging and rocking. Infrared absorption spectra from a-SiC x :H samples deposited with precursor ratio 0.17 and deposition temperature 275°C, and hydrogen flow varied from 5 sccm to 180 sccm (hydrogen dilution of 0.36 -12.85). Refractive index of a-SiC x :H films on silicon substrates plotted as a function of hydrogen dilution and substrate temperature during deposition. FT-IR absorption spectra for samples deposited with a constant precursor ratio of 0.17 and hydrogen dilution of 12.85, while the substrate temperature was varied from 150°C to 275°C. Increasing temperature increased Si-C absorption band intensity (wavenumber of 750 cm −1 ). The deposition rate plotted as a function of H 2 dilution ratio and temperature. Samples were deposited with a constant precursor ratio of 0.17. Fig. 7a and 7b . FT-IR spectra for both silane starving (a) or non-starving (b) condition, at the deposition temperature of 150°C and 275°C while increasing hydrogen flow from 80 sccm to 180 sccm, FT-IR spectrum of the samples showed almost identical Si-C bond absorbance intensity.
Fig. 8.
Rectangle or square shape defects resulted from the etching of silicon substrate. Thickness as a function of soaking time for the sample deposited at 275°C, precursor ratio of 0.17, and hydrogen dilution of 0.36. The overall film thickness (bulk thickness + surface thickness) increased as a function of the soaking time. IDE structure for Impedance spectroscopy test. The width of spacing as well as the interdigitated electrodes was 130 μm. Impedance spectroscopy plots selected from an over 6-month soaking test. The impedance was denoted by Z and the phase was denoted by P in the figure. SEM cross-section images of the base, middle and tip part of an electrode from Utah electrode array. a-SiC x :H film thickness measured to be 2.4, 0.75 and 0.55 μm at the tip, middle and base, respectively. 
